Introduction: This article presents the results of an international, multicenter, randomized,
INTRODUCTION
Dry eye syndrome (DES) is a multifactorial disease of the tears and ocular surface that results in symptoms such as discomfort, visual disturbance, and tear film instability, with potential damage to the ocular surface. DES is accompanied by increased osmolarity of the tear film and inflammation of the ocular surface [1] . Increased osmolarity of the tear film can lead to morphological changes in the cornea and conjunctiva; activation of the inflammatory cascade can induce apoptotic cell death in the corneal epithelium and reduce the number of conjunctival goblet cells [2, 3] . Prevalence of DES increases with age, significantly affecting the quality of life of senior patients [1, 4, 5] . Artificial tear treatment that is typically used to alleviate DES symptoms does not target the cause of the disease. Therefore, there is a need for drugs with reparative action that help to protect against the onset and progression of corneal lesions associated with DES [5, 6] .
One promising therapeutic approach is shown to play an important role in age-related eye diseases in general, and in DES in particular [7, 8] . One of the main sources of ROS in cells is mitochondria, which synthesize ATP and are the main consumers of molecular oxygen in the body [9, 10] . Natural antioxidants are not capable of penetrating mitochondria and neutralizing the excessive amounts of free radicals generated by these organelles. Only recently a new class of chemical compounds-mitochondria-targeted antioxidants-capable of neutralizing mitochondrial ROS has been developed [11, 12] . The active ingredient SkQ1 in Visomitin (Mitotech LLC, Moscow, Russian Federation) ophthalmic solution belongs to this class of compounds and is capable of targeting and neutralizing mitochondrial ROS [13, 14] .
Pre-clinical studies have shown that SkQ1 is a promising agent for treating ophthalmic diseases associated with oxidative stress [15] [16] [17] .
Visomitin is the first drug containing SkQ1 that has been studied in clinical trials. In an initial clinical study, Visomitin demonstrated efficacy in treating signs and symptoms of DES compared to an artificial tear treatment used as a control [18] .
Subsequently, Visomitin ophthalmic solution was approved in Russia in December 2011 and has since been marketed there as a prescription product. The purpose of the second clinical study that is the subject of this article was to assess the safety and tolerability of Visomitin and to evaluate the treatment and post-treatment efficacy of
Visomitin compared with placebo (with the same artificial tears formulation used as a control in the initial Visomitin study) in patients suffering from DES with mild to moderate severity levels. 
METHODS

Study Design
All subjects who met the inclusion and exclusion criteria were randomized into two groups of 120 patients each. In the treatment group, patients were assigned Visomitin eye drops, and in the control group, patients were given placebo (in a double-masked manner).
Patients were instructed to instill one drop per eye three times a day for 6 weeks. Visomitin eye drops contained 0.155 lg/mL (250 nM) SkQ1. and heart rate were measured, concomitant therapy drugs were noted, and complaints and adverse events (AEs) were recorded. After completion of treatment, patients and physicians were asked to evaluate the efficacy, tolerability, and residual efficacy (continued drug effect after treatment is terminated) using a visual analog scale (VAS) from 0 to 100 points, where 0 = no effect and 100 = very good effect.
Efficacy measurements for both eyes for each patient were pooled by group (treatment group or placebo group) to develop group statistics.
For these parameters, positive response to treatment was assessed (i.e., number of eyes that showed an improvement by more than 5% from the initial level). 
RESULTS
Subject Demographics and Disposition
The Visomitin treatment group and the placebo group were statistically comparable in terms of gender and age: both groups were dominated by female patients, and average age in the placebo group was 46 years and in the treatment group was 47 years ( Table 2 ). All randomized subjects received treatment. In addition to the 235 patients who completed the study (116 in the placebo group and 119 in the Visomitin treatment group), 3 patients assigned to the placebo group withdrew consent to participate in the study for personal reasons, 1 patient assigned to the placebo group dropped out due to an AE of allergic conjunctivitis, and 1 patient assigned to the Visomitin group dropped out as a result of a serious AE (SAE; see ''Safety Results'').
Safety Results
AEs were typical of those reported by patients with DES and included burning sensation after instillation of the test drug, which is commonly reported after use of artificial tear formulations in the conjunctival cavity [5, 6] . One SAE, a fatal myocardial infarction that was considered unrelated to drug treatment, was reported in the Visomitin group during the follow-up observational period. In addition, 55 AEs were reported: 21 AEs in the placebo group and 34
AEs in the Visomitin group. AEs considered definitely related to the study drug, in addition to burning after instillation (which occurred in similar numbers in both treatment groups), included eye redness after instillation and scratchiness in the Visomitin group, and blurring vision after instillation, and itchiness, redness, and hypersensitivity reaction including papular eruption on the hands, neck, and chest in the placebo group. Other AEs that were considered probably or possibly related to drug treatment included lacrimation or tingling on instillation, eye dryness, and itchiness in the Visomitin group, and prominent eyelid and conjunctiva hyperemia, swelling similar to allergy reaction, and film-like coating, tingling, lacrimation, or scratchiness after instillation in the placebo group.
AEs classified by the degree of relationship to the drug are shown in Table 3 . One AE of allergic reaction that led to discontinuation of treatment was reported (in the placebo group).
No other AEs resulted in discontinuation of treatment. There were no AEs of elevated IOP, blood pressure, or heart rate. Tolerability test results using a tolerability VAS showed that Visomitin was well tolerated: the average tolerability rating on a scale from 0 to 100% (with 0 = absolutely intolerable and 100 = very well tolerated) was approximately 90%. Based on the safety results, Visomitin was categorized 
Meniscus Height
Meniscus height at the time of enrollment was 256.3 ± 9.3 lm in the placebo group and 259.8 ± 8.1 lm in the Visomitin group. At Visit 4, meniscus height statistically significantly (P\0.001) improved in both groups (308.3 ± 9.8 lm in the placebo group and 298.1 ± 8.4 lm in the Visomitin group). At Visit 7, meniscus height scores worsened in both groups (262.6 ± 7.8 lm in the placebo group and 274.0 ± 6.9 lm in the Visomitin group), with no statistically significant difference between the groups.
Schirmer's Test
Schirmer's test scores at baseline averaged 11.1 ± 0.5 mm in the placebo group and 11.7 ± 0.6 mm in the Visomitin group, which corresponds to a mild level of tear production dysfunction. At baseline, several patients suffered from hyperlacrimation, most patients showed a mild level of tear production dysfunction, a third of the population suffered from a moderate level of tear dysfunction, and about 10% were assigned to the 'severe' category according to the Schirmer's test. By the end of the treatment (Visit 4), the average Schirmer's test scores in both groups improved the difference between the groups not significant. These data suggest that the effect of Visomitin on tear production was positive, but did not dominate the effect of hypromellose over the 6-week treatment period.
TBUT Test
The TBUT test is an important metric for DES severity as it reflects the overall tear quality throughout all layers of the tear film. At baseline, patients in both the Visomitin and placebo groups were predominantly assigned to the mild category of tear production dysfunction. TBUT test averages were 7.2 ± 0.2 s in the placebo group and 6.8 ± 0.2 s in the Visomitin group. Change in TBUT test results from baseline throughout the study visits is shown in Fig. 1 . By the end of the treatment period (Visit 4), TBUT in patients treated with Visomitin increased (improved) slightly more than in patients in the placebo group (change from baseline was 2.9 ± 0.3 s in the placebo group and 3.1 ± 0.3 s in the Visomitin group, although these differences were not statistically significant). This effect persisted for at least 2 weeks after drug instillations were stopped. Some level of improvement of TBUT was maintained in patients in the Visomitin group even at the end of the follow-up observation period (Visit 7).
Evaluation of Corneal Damage
In this study, the fluorescein staining technique was used to evaluate the area of damage in five different zones of the cornea (central, superior, inferior, nasal, and temporal) and in the cornea overall (total damage score, as a sum of zone scores). The maximum possible total damage score was 15, and a total score of 3 or higher was considered abnormal. The damage level in the central zone of the cornea is one of the most interesting indicators in DES patients, as this zone is most prone to the influence of environmental factors. Figure 2 
Efficacy in Patients with Elevated Corneal Damage
For an additional post-study analysis, all patient eyes were assigned to two subgroups according to the degree of their baseline total corneal damage: mild damage (below 3 points), and elevated damage (3 points or more). Sixty-five eyes treated with placebo and 57 eyes treated with Visomitin were assigned to the elevated corneal damage subgroup, which demonstrated the most pronounced effect of Visomitin. 
Evaluation of Symptom Scores
All symptoms were evaluated using a scale reflecting the frequency of symptoms: the greater the frequency of the symptom, the higher the score. Symptom changes (relative to the baseline visit) for dryness, grittiness, blurred vision, and worst symptom (estimated as the symptom with the highest score at baseline) are shown in Fig. 7 (for all patients) and Fig. 8 (for the elevated corneal damage subgroup). Statistical analysis indicated that Worst symptom score also showed superior efficacy of Visomitin compared to the placebo group during the follow-up observation period, with differences between the groups during treatment at Visit 3 (P\0.1) and Visit 4 (P\0.05) and post-treatment at Visits 5, 6, and 7 (P\0.01).
DISCUSSION
The results of recent studies indicate that clinical and biological signs of DES often do not match the severity of symptoms [1, 22, 23] .
Despite the large number of diagnostic Fig. 4 TBUT test, change from baseline as percentage in patients with elevated corneal damage. TBUT scores improved (increased) in this subgroup of patients with elevated corneal damage both in the Visomitin and placebo groups, with statistically significant differences between the two groups at Weeks 2, 3, and 4 of the follow-up observation period; greater improvement, for a longer time period, was seen in the Visomitin group, and was greater in this subgroup than for all patients combined (P values compare results between the two groups). TBUT Tear break-up time techniques, there is no single 'gold standard' that can determine the severity of the syndrome and evaluate therapy effectiveness. For example, the commonly used Schirmer's test is not sufficient to uniformly assess severity of DES. Basal tear deficit can be compensated by reflex tear production, in which case the Schirmer's test result will not indicate decline and sometimes will even show an increase. Another standard method for diagnosing DES-corneal fluorescein staining-also has its drawbacks. Elevated levels of staining sometimes occur in patients who do not have DES [24] . Moreover, reproducibility of corneal and conjunctival staining has been shown to be rather low [25] . A study that involved 300 patients found tear osmolarity to be the best marker of DES severity [26] . However, conjunctival and corneal stainings were shown to have the highest correlation with DES severity among commonly used diagnosis techniques. According to ophthalmologists of the ODISSEY European Consensus Group, which studied 14 commonly used DES diagnosis techniques, a joint analysis of symptom scores and fluorescein staining scores is usually sufficient for assessing DES severity [21] .
Taking the above DES assessment methods into consideration, a variety of measurement techniques was used in the randomized, double-masked, placebo-controlled clinical trial of Visomitin. Symptoms scores, slit lamp exam data, Schirmer's test data, TBUT, and corneal fluorescein staining data were assessed in patients with mild to moderate DES levels during the course of this study. Furthermore, this effect persisted for at least 4 weeks after the therapy was terminated. This statistically significant difference between the efficacy of Visomitin and placebo was mainly driven by the subgroup of patients with more elevated corneal damage (with total fluorescein staining scores C3 at baseline).
Based on Sullivan et al. [26] , these patients can be described as a subgroup with a moderate degree of dry eye. Interestingly, TBUT values in this subgroup were significantly higher (improved) in patients treated with Visomitin than in patients treated with placebo at the end of treatment and for the duration of the follow-up observation period (Fig. 4) . Results also showed improvement in the symptom of blurred vision in this subgroup (Fig. 7b) . Tutt et al. [27] argue that blurred vision, typical for patients with dry eye, is associated with a decrease of tear film stability and, therefore, should correlate with TBUT measurements.
The results of this study showed that SkQ1 eye drops did not affect tear production levels: Schirmer's test scores increased in both the Visomitin and placebo groups and did not differ significantly between the groups. According to Lemp [28] It is known that inflammation plays an important role in the pathogenesis of DES [28] . An increase in soluble mediators of the conjunctiva have all been observed in dry eye patients [29] . It was previously shown that the anti-inflammatory effect of SkQ1, which inhibits the NF-kB signaling pathway, can lead to a decrease in the level of expression of adhesion molecules and in leukocyte infiltration [30] . It is probable that the anti-inflammatory effect of SkQ1 plays an important role in reducing corneal damage in patients with DES.
These data indicate that Visomitin not only has a moistening effect due to the presence of hypromellose, but also that the active compound SkQ1 restores corneal cell function and tear film stability, thus directly addressing the causes of DES. Improvements in both symptoms and corneal staining associated with DES are attributable to Visomitin treatment, suggesting a beneficial therapeutic effect of the drug. Furthermore, post-therapy efficacy of Visomitin for TBUT, corneal staining, and symptoms over 4 weeks of the follow-up observation period, especially in patients with moderate dry eye, shows a clear advantage of Visomitin over artificial tear treatments.
One possible limitation of the study was that the severity of dry eye was determined by the Fig. 7 Symptom score change from baseline-all patients: a dryness, b grittiness, c blurred vision, and d worst symptom. For all four symptoms (dryness, grittiness, blurred vision, and worst symptom), scores decreased (improved) in both the Visomitin and placebo groups through Week 6 of the treatment period, then increased during the 6 weeks of the follow-up observational period. There was no statistically significant difference between the two groups during the treatment period, and scores were better (lower) for the Visomitin group during the 6-week follow-up observational period. Statistically significant differences occurred in favor of the Visomitin group for blurred vision (Weeks 4 and 6 of the follow-up period) and for worst symptom (Weeks 2, 4, and 6 of the follow-up period; P values compare results between the two groups) investigator and not quantified or specified earlier in the study as to how the investigators would decide the subject's dry eye was mild or moderate in severity. However, the better results in the higher corneal staining subgroup suggest that the population was mixed; also, no standardized definition or selection criteria of DES severity currently exists. Also, there are limitations of some of the dry eye tests themselves (e.g., Schirmer's test, corneal fluorescein staining), as mentioned above; using several dry eye tests compensates somewhat for the test limitations. In addition, seasonality may contribute to a reduction in the effects of dry eye treatments as the drier season progresses. Also, environmental factors, such as subjects' increased use of computers or reading or exposure to tobacco smoke or wind, may also decrease the effects of drug treatments.
CONCLUSIONS
Visomitin has several important benefits for dry eye patients. Visomitin has been shown to be safe and well tolerated in patients with DES. Visomitin exhibited a more pronounced and stable post-therapy effect in patients with DES than placebo. Visomitin is highly effective in protecting patients with DES from corneal damage. 
